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Abstract 
The paper describes different assessment techniques such as X-ray computed tomography and time-of-flight diffraction (TOFD) 
for mapping of complex but representative thermal fatigue damage in 316L steel pipes. The observed damage patterns are very 
complex with interacting circumferential and axial cracks. It was confirmed by detailed microscopic post-test analyses that 
TOFD measures the crack depth reasonably well but only X-ray tomography reveals the full three-dimensional character of the 
fatigue damage. The fatigue life of the component was also modelled by a Paris' crack propagation and non-linear kinematic 
cyclic plasticity model with a single crack. The crack depth vs. number of cycles was captured surprisingly well indicating that 
crack interaction did not play a major role for the assessment of the fatigue life.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Thermal fatigue is a key degradation mechanism for components in for instance nuclear reactors, Faidy et al. 
(2000), Chellepandi et al. (2009) and fossil power stations. Cooling and heating from fluids results in biaxial stresses 
at the surface of the component and with large gradients through the wall thickness. A thermal down-shock results in 
a self-equilibrating stress field where the stresses at the cooled surface are tensile whereas a thermal up-shock gives 
compressive stresses.  The prediction of the thermal fatigue life of a component is very complex. First of all the 
thermal loading is quite complex and requires a fluid-structure analysis. Secondly the resulting multi-axial stresses 
and strains are time dependent with complex distributions through the component wall and depend on the 
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temperature dependent cyclic constitutive behavior of the material. Thirdly we need a model to predict crack 
initiation and crack propagation.  A final complication is the very complex damage where bi-axial thermal loads 
promote formation of multiple interacting cracks in different orientations. In this paper we describe an experimental 
programme where pipes of 316L stainless steels are subjected to cyclic thermal loads and in particular we will 
describe the monitoring and mapping of the damage at different stages using replica methods and endoscopy, time-
of-flight-diffraction (TOFD) and X-ray computed tomography (CT).  
 
2. Experimental Programme and Observations  
Figure 1 shows the experimental set-up and the specimen geometry. The outer surface is heated by induction to a 
constant temperature of 300 or 550 °C, while the inner bore is subjected to repeated quenchings with room 
temperature water for 5 seconds. After the water flow has stopped, air is blown through the pipe to remove water on 
the surface and the pipe is heated up by conduction from the hot outer surface for 40-45 seconds; the full thermal 
cycle takes slightly less than a minute. The pipe is held in a lever arm test machine that provides a constant axial 
load but no restraint on axial displacement. 
Fig. 1. Experimental set-up a) specimen with induction coil b) specimen dimensions. 
 
Table 1 Thermal Fatigue Test Summary. 
Test tQuench/tHeat 
[sec] 
TMax [°C] Twater [°C] 'Tin [°C] Axial Force [kN] 
Crack init. 
(Ni) x1000 
Number of 
cycles x1000 
Max. crack depth [mm]/failure 
      Circumf.                 Axial 
TF1 5/40 300 25 ~160 - <56 256 3.8 4.3 
TF2 5/45 400 25 / - 15-20 47 2.2 6.1 
TF3 5/45 350 25 / - 15-20 30 1.4 1.7 
TF4 5/45 300 25 ~160 50 <10 250 6.2 3.7 
TF6 5/45 300 25 ~160 100 <10 30 1.6 1.2 
TFR1 5/45 550 25 ~250 - <10 46 5.8 failure 
TFR2 5/45 550 25 ~250 50 <10 58 failure 7.2 
TFR3 5/45 550 25 ~250 - <10 90 7.4 failure 
TFR4 5/45 550 25 ~250 50 <10 50 11 4.7 
TFR5 5/45 550 25 ~250 50 <10 30 10.7 9.3 
TFR12 5/45 550 25 ~250 150 <1 7 8.1 2.9 
 
Table 1 summarizes the loading conditions, the number of cycles and the measured maximum depth of a crack 
that extends in the circumferential/ radial and axial /radial direction respectively.  Failure means that the deepest 
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crack was a through-wall crack. The temperature variation on the inner surface, ∆Tin, is derived from thermo-couple 
instrumented pipes.  
3. Methods to measure thermal fatigue damage and observations 
Three different non-destructive methods were employed to monitor and map the fatigue damage: replica method, 
and endoscopy for initial surface cracking, time-of-flight-diffraction (TOFD) for crack depth and X-ray computed 
tomography (CT) for a three-dimensional mapping of the damage.   
x In the replica method the bore hole was filled with a mould of "FormX Dragon Skin", a high performance cure 
liquid silicon compound. When the cured mould was removed it contained etchings of cracks and other damage 
on the surface, replicating the surface damage. 
x The TOFD is an ultra-sound testing method to measure crack depths, (e.g. Charlesworth and Terple (1989)). A 
transmitter probe on the outer surface emits an ultrasound pulse which is picked up by a receiver probe. When 
there is a crack between the two probes there is a diffraction of the ultrasound wave and the depth of the crack 
can be measured by the time of flight of the pulse and geometry. Depth of axial/radial cracks is measured by 
moving the probes in the circumferential direction whereas the depths of circumferential/radial cracks are 
measured by moving the probes along the surface of the pipe in the axial direction.  TOFD can measure the depth 
of a large number of cracks but it cannot determine crack shapes and the assessment becomes increasingly 
complex and reliability is reduced as the number of cracks increases. 
x  For CT, several X-ray projection images of the component are taken at different angles (e.g. Buffiere et al. 
2010). A computer cluster then reconstructs the projections into a volume data set resulting in grey values of the 
scanned volume, which in turn can be used for a 3D characterization of the damage. The X-rays were carried out 
by General Electric using a Phoenix 300kV/500W micro-focus source. The spatial resolution defined by the size 
of the voxels was 50 Pm.  The 3D reconstruction of the voxel data was done by means of the Phoenix datosx 
software. The software VGStudio Max 2.2 from Volume Graphics, was used for the analysis and visualization of 
the volume data file. Data sets were filtered using adaptive Gauss algorithm for surface determination with a 
search distance of 4 voxels. The grey values of the inner and outer surface were similar to that of a secondary 
crack and a depth of 1 mm from the inner and outer surface was therefore excluded in the CT analysis.  
 
The test was interrupted at intervals and replica or endoscopy was performed to detect surface cracking and 
TOFD was used to measure crack depths.  CT analysis was performed for the specimens TFR5 and TFR12. 
 
3.1. General Experimental Observations 
The following general observations can be drawn from the tests.  
x Temperature effect: As expected the crack growth rate was higher for maximum temperature of 550 °C than 
300 °C due to the higher thermal variation imposed on the inner surface and temperature dependence of crack 
propagation properties; 
x Crack initiation vs. crack propagation: Crack initiation defined by detection with replica or endoscopy was 
observed early and fatigue life was governed by crack propagation. The initial surface cracking formed a network 
of cracks which is typical for bi-axial loading. The propagation rate of individual cracks estimated from 
consecutive TOFD measurements indicated a non-monotonic crack growth rate for individual cracks. 
x Effect of the axial load:  An axial load of 50 kN gives an axial stress of about 33 MPa for an uncracked specimen, 
which is well below the yield stress of  316L  (typical elastic range for cyclic loading is 200 MPa) and the 
thermal stresses at the surface. In absence of external axial stresses both circumferential/radial and axial/radial 
cracks can be found but the deepest cracks are predominantly axial/radial. With an axial load of 50 kN the 
damage pattern is changed so that the deepest cracks are circumferential/radial and the crack propagation seems 
to be somewhat accelerated. When the axial load is increased to 150 kN a dominating circumferential crack 
formed instead of the network of cracks and also propagation was dominated by a single circumferential crack. 
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The crack propagation rate was also significantly increased and the crack depth reached 8 mm after only 7000 
cycles.  
3.2. Assessment of crack depth assessment with TOFD by comparison with visual observation of cut specimens 
To assess the reliability of the TOFD measurements TFR1 and TFR3 were cut and crack depths were measured 
by optical microscopy.  Figure 2a shows a cylindrical cross section of TFR3 from which the depth of a large number 
of axial cracks can be assessed. The depth of circumferential crack can be measured by a vertical cut of the cylinder 
segment as illustrated in Figure 2b.  It is not possible to make a one-to-one comparison with TOFD since the crack 
depth for the visual observation depends on where the cross section is taken. The TOFD underestimated the crack 
depth somewhat but there was quite a good agreement of the depth of the deepest cracks both in axial and 
circumferential direction. 
 
 
    
Fig. 2. Cross sections of TFR3 after 90,000 cycles a) disk showing depth of axial/radial cracks b) horizontal cross-section cut along the red line of 
the disk and showing the two halves of the disk and one half of the vertical cross-section showing the depths of circumferential/radial cracks. 
3.3. 3D mapping of thermal fatigue damage by CT 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 3D CT mapping of specimen TFR12 after 7000 thermal  load cycles a) radial view b) axial view. 
Figures 3a and 3b depict the 3D cracking in TFNR12 after 7000 cycles from a radial and axial view respectively. 
The two colours correspond to different crack volumes and can be used to separate cracks. Both the larger "yellow" 
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crack and the "blue" have the deepest crack in the circumferential direction. It can be seen from Figure 3a that the 
dominating circumferential cracks are not plane and that they are intersected by several shallow axial /radial cracks.  
From the axial view in Figure 3b the two cracks form approximately an axisymmetric crack. 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
Fig. 4 3D CT mapping of specimen TFR5 after 30000 thermal load cycles a) radial view b) axial view. 
Figure 4 shows the cracking for TFR5 after 30,000 cycles. Due to the complexity of the damage the simpler 
"threshold algorithm" was used to detect defects. In this case we have both axial/radial and circumferential/radial 
cracks that stretch axially over a large part of the specimen. Axial and circumferential cracks intersect and form a 
macro-crack with multiple branches. The deepest crack is the circumferential/radial crack located one third from the 
bottom in Figure 4a. The axial projection in Figure 4b shows the projection of mainly circumferential cracks. Figure 
5 shows 2D CT mappings 10 mm below and 14 mm above the centerline respectively. At these heights there are no 
circumferential cracks. The difference in the matching of the yellow (resulting from defect analysis) and the dark 
grey regions (from x-ray scans) show that the simpler algorithm underestimates the crack depth.  
 
Fig. 5 2D XTC mapping of TFR5 a) 10 mm below the centerline b) 14 mm above the centerline. 
4. Prediction of the crack propagation 
Fatigue crack propagation was computed by a thermal analysis coupled with an elastic-plastic stress analysis for 
which a cyclic plasticity model with kinematic non-linear hardening was employed, Paffumi et al. (2014) and 
material data from RCC-MRx (2010). From the resulting stress fields, plasticity corrected stress intensity factors 
were computed for a single semi-elliptical crack for which the crack aspect ratio as function of crack depth was also 
computed, and crack propagation governed by Paris law. Figure 6 shows the computed crack depth versus the 
10mm 8.5mm 
9.54 mm 
8.13 mm 
10.71 mm 
a) 
a) b) 
b) 
2185 Karl-Fredrik Nilsson et al. /  Procedia Materials Science  3 ( 2014 )  2180 – 2186 
number of cycles for axial forces 0 and 50 kN, for outer surface temperatures of 300 °C and 550 °C together with 
crack depths by TOFD from TF1, TF4, TFR1 and TFR2.  Given the idealized assumptions in the model with respect 
to cyclic constitutive behavior, computation of stress intensity factor and in particular crack configuration, the 
predicted crack depth matches surprisingly well the measured maximum crack depths.  It is not feasible to model the 
evolution of the typical and very complex crack configuration as in Figure 4.  The good agreement could indicate 
either that crack interaction is of secondary importance or that errors from different simplifications cancel each 
other. 
Fig. 6 Computed crack depth. vs. number of cycles 300 °C and 550 °C  and measured data from TOFD for TF1(○), TF4(□) , TFR1(+) and TFR2 
(◊) (each symbol represents a one crack measurement). 
5. Conclusions 
x Assessment of fatigue life models in structural components requires that such models can be compared to 
realistic crack configurations. 
x Cyclic thermal loading on steel components results in very complex crack patterns with multiple interacting 
cracks in different orientations.  The crack depth of multiple cracks can be monitored reasonably well with time-
of-flight-diffraction; a more complete picture of the three-dimensional crack can be provided by X-ray computed 
tomography. 
x There is a large potential for mapping of complex damage configurations by CT. The good agreement between 
the prediction from the idealized model assumptions and the experimentally observed crack propagation indicates 
that either crack interactions have a secondary effect or that errors from simplified models cancel out. Additional 
tests with selected parameter combinations and accurate monitoring of the damage evolution are needed to assess 
the reliability of the models. 
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